We present an overview of the recent developments in de-bundling and sorting of Single-Wall Carbon Nanotubes (SWNTs), which are useful for hi-tech applications in dye sensitized solar cells (DSSCs). Applications of SWNTs as transparent and conductive films, catalyst, and scaffold in DSSCs are also reviewed.
Introduction
The direct utilization of solar radiation to produce electricity in photovoltaic (PV) devices is at the centre of an ongoing research effort to utilize the renewable energy. Silicon (Si) is by far the most widely used absorber and currently dominates the market of PV devices [1] . Despite significant development over the past decades, the high cost of Si-based solar cells is a bottleneck for the implementation of solar electricity on large scale. The development of new materials and concepts for the PV devices is thus fundamental to reduce the overall production cost of PV technology and to increase their efficiency. Recent trends suggest that the development and successful utilization of nanomaterials could potentially lead to the realization of high efficient and low-cost solar cells. In this context, Single Wall Carbon Nanotubes (SWNTs) have been proposed as a promising material in organic [2, 3] and dye sensitized solar cells (DSSCs) [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] . However, as-produced SWNTs usually form entangled networks of bundles or ropes [14] [15] [16] [17] , due to van der Waals attraction forces along their length [18] [19] [20] [21] . When in a bundle, SWNTs are far from their optimum mechanical, thermal, and optical properties [22] [23] [24] [25] [26] [27] . Thus in order to fully exploit the technological potential of nanotubes for DSSCs, it is crucial to develop simple debundling techniques. Individualization/debundling of SWNTs is also crucial for the separation of SWNTs by chirality or between metallic (mSWNTs) and semiconducting nanotubes (s-SWNTs), overcoming the limitations related to polydispersivity. SWNTs can be sorted by diameter [28] [29] [30] [31] [32] [33] [34] [35] [36] , chirality [37] [38] [39] [40] [41] , their metallic or semiconducting nature [32, [42] [43] [44] [45] [46] [47] [48] [49] [50] [51] , and length [36, 52, 53] .
Here we focus on the possible strategies to use enriched SWNTs in DSSCs, where they can serve multiple purposes such as: (1) transparent and conductor (TC) window at the photoanode, (2) charge transport, and (3) catalyst.
Indeed, enriched m-SWNTs can be used as TC films at the photoanode as well as catalyst at the counter electrode (cathode). For example, the conductivity of TC produced using highly enriched m-SWNTs can be enhanced by a factor of 6 in the visible spectrum with respect to unsorted material [54] . On the other hand, for the improvement of the DSSCs performance, m-SWNTs and/or chirality enriched sSWNTs with a suitable energy gap would facilitate electron transport from mesoscopic TiO 2 particles to photoelectrode. Therefore, nanotubes enrichment is a vital step to improve the performances of nanotubes-based DSSCs. Here, we review the state of the art of the use of SWNTs in DSSCs.
Structure and Mechanism of DSSCs
DSSC is a new "type" of photoelectrochemical solar cell, used already by Becquerel for the discovery of the photovoltaic effect almost two century ago, which uses a liquid electrolyte as a charge transport medium [55] . The schematic representation of a DSSC is shown in Figure 1 . A DSSC typically consists of a high porosity nanocrystalline photoanode made 2 International Journal of Photoenergy of a wide band gap semiconductor (usually the n-type semiconductor TiO 2 with a bandgap of 3.2 eV) nanoparticles (15 to 20 nm diameter). The TiO 2 nanoparticles are deposited on a transparent conducting oxide (TCO) glass supported and sensitized with a self-assembled monolayer of dye molecules anchored to the TiO 2 surface [55] . The main difference, with respect to conventional cells, relies on the functional element responsible for light absorption (dye molecules), which is separated from the charge carrier transport itself [56] . The photoanode is immersed in an electrolyte solution containing a redox couple (iodide/iodine) and placed on a platinum counter electrode. Commonly, the platinum layer is deposited on transparent glass which is, in turn, coated by a conductive layer such as Indium Tin oxide (ITO) [1, 57] .
The mechanism of a DSSC is listed schematically below [58] :
)
When illuminated, the dye molecules capture the incident photons (hυ) generating electron/holes pairs (1a) [55] . The resultant electrons, at excited states S * , which lie energetically above the conduction band (CB) edge of the TiO 2 , are quickly injected into the conduction band (CB) of the TiO 2 (1b) and transported to the electron-collecting counter electrode, the cathode [55] . In this condition, the electron injection to the semiconductor (1b) can occur successfully, competing with the deactivation reaction (1c). Regeneration of dye molecules is accomplished by capturing electrons from a liquid electrolyte (iodide/iodine solution), sandwiched on the cathode, that catalyses the reduction of tri-iodide [55] . For efficient operation of the cell, the rate of electron injection must be faster than the decay of the dye-excited state [55] . Also, the oxidation of iodide (1d) and the reduction of iodine (1f) must effectively compete with the charge-separated state recombination reactions (1e) and (1g) that decrease the current production.
The most important electrochemical parameters for a solar cell are the open circuit voltage (V OC ), the maximum voltage under open circuit conditions, and the short circuit current (I SC ), that is, the maximum current when the cell is short circuited. Another key parameter of the solar cell is the fill factor (FF), defined as On the top is a transparent photoanode made of Indium-doped tin oxide (ITO) deposited on the back of a transparent glass. On the back of the conductive plate is a layer of titanium dioxide (TiO 2 ), which forms into a highly porous structure with an extremely high surface area (green beads). A thin layer of a photosensitive rutheniumpolypyridinedye (purple beads) [55] is covalently bonded to the surface of the TiO 2 . A separate backing is made with a thin layer of the iodide electrolyte (I − /I − 3 ) spread over a conductive sheet, typically platinum metal (the counter electrode). The front and back parts are then joined and sealed together to prevent the electrolyte from leaking.
where V max and I max are the maximum voltage and current of the cell, respectively. The performance of a solar cell is determined by the energy conversion efficiency, η, defined ass
where P MAX = I SC × V OC × FF and P inc is the power incident light on the cell. On the other hand, the fraction of absorbed photons that is converted to electrical current defines the internal photocurrent efficiency (IPCE).
Routes to Dispersion and Individualization of SWNTs
The methods for debundling of SWNTs can be roughly classified in two major categories: covalent and noncovalent functionalization [59] . Significant research effort has been conducted in this field over the last 10 years [60] [61] [62] [63] [64] [65] [66] . Functionalization generally involves the creation of defect sites on SWNTs, where different functional groups can be attached. The ends of as-produced SWNTs can either be open or contain highly curved unstable fullerene-like end caps [67, 68] . SWNT sidewalls also contain defects, generally in the form of pentagon and heptagon pairs, sp 3 hybridized defects and vacancies in the lattice [69, 70] . Strong oxidative treatments are used to remove the catalyst particles and to open additional defect sites on the SWNT sidewalls and end caps, resulting in carboxylic (-COOH) functional groups at these locations [62, [71] [72] [73] [74] . Depending on the functional groups attached, stable SWNT dispersions in aqueous and organic solvents can be obtained [75] . However, this approach has certain disadvantages because of 
Figure 2: Chemical structures of some commonly used surfactants and polymers for SWNT dispersion in aqueous solutions. Abbreviations: SDS: sodium dodecyl sulfate; SDBS: sodium dodecylbenzenesulphonate; PVP: polyvinylpyrrolidone; Deoxy-BIGCHAP: N,N-bis(3-Gluconamidopropyl)deoxycholamide; SPB: Sodium Pyrenebutyrate; DTAB: dodecyltrimethylammonium bromide; CTAB: cetyltrimethylammonium bromide; CPL: Cetylpyridinium Chloride; NaPSS: sodium polystyrene sulphonate; SC: sodium cholate; SDC: sodium deoxycholate; TDC: sodium taurodeoxycholate. the possible damage of SWNTs during the functionalization procedure, due to disruptions in their extended π-network, therefore preventing their use in many applications [76] [77] [78] [79] [80] .
An alternative approach relies on the use of noncovalent interactions that relies on the physical adsorption of dispersant molecules on the SWNT sidewalls. This second method does not damage the nanotube surface and consists, in the addition of highly soluble dispersant agents [61] [62] [63] [64] [65] [66] 81] into solution. Adsorption of dispersant molecules is a nondestructive method to individualize SWNTs in aqueous solutions, inducing only small shifts (<50 meV) in transition energies due to change in dielectric environment [80] . Surfactants and deoxyribonucleic acid (DNA) are mostly used in aqueous SWNT dispersions while polymers, depending on their solubility, are used for both aqueous and organic solvent dispersions. Much effort has been devoted towards finding suitable molecules to interface the nonpolar sidewalls of SWNTs with water. To date, stable dispersions of pristine SWNTs in water/D 2 O have been achieved with the aid of ionic and nonionic surfactants [61, 63, 65] , DNA [66, 82, 83] , water soluble polymers [63] [64] [65] 84] , polypeptides [84] [85] [86] and cellulose derivatives [87] . The most common surfactants able to stably individualize SWNTs in water [61, 63, 65] include Triton-X, Pluronic, Igepal, and Brij series on the nonionic side and sodium dodecyl sulfate (SDS), sodium dodecylbenzenesulphonate (SDBS), sodium cholate (SC), sodium deoxycholate (SDC), sodium taurodeoxycholate (TDC), dodecyltrimethylammonium bromide (DTAB), and cetyltrimethylammonium bromide (CTAB) on the ionic side (see Figure 2 ). When SWNTs are individualized by the shear forces from the formation and collapse of cavities generated by ultrasounds [88] , surfactants wrap with their nonpolar tail the SWNT sidewalls while extending their polar or ionic end in contact with aqueous solution; see Figure 3 . This process makes the SWNTs compatible with the aqueous medium and prevents their reaggregation [61, 63, 65] . Large SWNT bundles together with catalyst particles are removed via ultracentrifugation, leaving the supernatant enriched in small bundles and individually dispersed SWNTs [89] . Water-soluble polymers are reported to wrap around SWNTs [64, 90] facilitating their debundling. The wrapping of SWNTs by water-soluble polymers is thermodynamically favored by the removal of the hydrophobic interface between the SWNT sidewall and the aqueous medium [64, 90] . Cellulose derivatives were also employed as dispersants for SWNTs in water, resulting in high concentration of individual SWNTs. SWNTs can also be individualized in aqueous dispersions of Gum Arabic (GA), a highly branched arabinogalactan polysaccharide [90, 91] . DNA is an excellent SWNT dispersant in water [66, 82, 83] . Reference [66] proposed that single-stranded DNA (ss-DNA) forms a helical wrap around SWNT sidewalls by π-stacking. The authors showed that the binding free-energy of ss-DNA to SWNTs is higher than the energy between two SWNTs, facilitating the dispersion process [66] . Other biomolecules, such as polypeptides, are also efficient in dispersing SWNTs in water [85, 86] . Reference [85] designed a peptide, called nano-1, which folds into an α-helix. Its hydrophobic side interacts with the SWNT sidewalls whereas the hydrophilic side interacts with the aqueous medium. Carboxymethyl cellulose [87, 92] and hydroxyethyl cellulose [87] have also been reported to individualize SWNTs with higher loading compared to surfactants and polymers.
Characterization of SWNT Dispersions
Optical techniques to probe SWNTs are very advantageous from the experimental point of view. The measurements are nondestructive and can usually be carried out at room temperature under ambient pressure. Optical Absorption (OAS), Photoluminescence Excitation (PLE), and Raman spectroscopy are usually used for the characterization of the SWNT dispersions. These methods are employed to assess the concentration and presence of individual SWNTs or their Figure 4: Optical absorption spectrum of CoMoCAT SWNTs dispersed in DI water using TDC (red line) and SDBS (blue line) as surfactant. The absorption peaks from different SWNT species are assigned according to [12, 33] . The shift in the peak positions and widths is due to different surfactants, which change the, dielectric environment. The vertical lines are intended to guide the eyes.
bundles and may be used as independent or complementary characterization tools [93] [94] [95] [96] [97] [98] [99] .
Optical Absorption Spectroscopy.
OAS of nanotube dispersions detects various properties of nanotubes, such as excitonic transition energy, bundle status, and nanotube loading in the dispersions [100, 101] . In OAS, the broadening and red-shift of absorption peaks usually indicate the presence of SWNT bundles [61, 102] . The excitonic transitions of SWNTs are also strongly modulated by different dielectric environments [65, [103] [104] [105] . Absorption spectra of CoMoCAT SWNTs dispersed in aqueous dispersion with the aid of different surfactants are presented in Figure 4 . The spectra illustrate the shift in absorption peaks due to different dielectric environments surrounding the SWNTs.
Photoluminescence Excitation Spectroscopy.
Compared to absorption spectra, PLE maps (see, Figure 5 ) offer richer details of the SWNT optical properties and of their interaction with the surrounding dielectric environment [96, 106, 107] . small bundles in dispersion [106, 107] . EET is also largely independent from perturbations induced by surrounding dielectric environments, since d-and a-SWNTs must be in the same bundle for EET to happen [106, 107, 113] . Indeed, the EET range is limited to a few nanometers and governed by the Förster resonance [106, 110, 113] . In general, the PL intensity does not directly reveal the relative abundance of SWNTs [114] . However, the relative PL intensity of different chiralities can be used to compare the effectiveness of their individualization.
Raman Spectroscopy.
Raman spectroscopy is a fast, powerful, and nondestructive method for the characterization of carbon materials. A number of important informations, such as diameter, chirality, metallic or semiconducting nature, and orientation can be obtained from Raman characterization of SWNTs. The Raman spectra of SWNTs consist of a rich set of features.
The low-frequency features in the 120 to 350 cm −1 region for the usual SWNTs diameter range (∼0.7-2 nm) are the so-called radial breathing modes (RBMs) [99] . The RBM modes are unique in SWNTs and used to determine the diameter and chirality of SWNT samples [115] [116] [117] [118] [119] . RBM position Pos(RBM) is inversely related to SWNT diameter, d, [115, 116] by Pos(RBM) = C 1 /d + C 2 . The combination of Pos(RBM) with the excitation wavelength and the "Kataura plot" [120] , it is possible to derive the SWNT chirality [117] [118] [119] . A variety of C 1 and C 2 have been proposed for this relation [115] [116] [117] 119] .
Raman spectroscopy can also probe any possible damage during ultrasonic dispersions, by monitoring the evolution of the D peak [121] [122] [123] . Indeed, the D peak appears in materials in the presence of structural disorder [121] [122] [123] . It originates by a breathing mode of hexagonal rings and it is observed in the frequency region between 1200 and 1400 cm −1 [121] [122] [123] .
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The Raman spectrum of SWNTs, in the range 1500-1600 cm −1 , is characterized by the presence of two distinct features so-called G + and G − bands. The origin of these two bands arises by the splitting of the double degenerate, Raman-active E 2g mode of graphene [124] [125] [126] [127] . In s-SWNTs, they originate from the longitudinal (LO) and tangential (TO) modes [125] . The positions of the G + and G-peaks, Pos(G + ), Pos(G − ), are diameter dependent and the separation between them decreases with increasing diameter [125] . In m-SWNTs, the assignment of the G + and G − bands is the opposite, and the full width at half maximum of the G-peak, FWHM(G − ), is larger while Pos(G − ) is downshifted with respect to s-SWNTs [125] . Doping could also modify both the FWHMs and peaks' positions [128] [129] [130] . In s-SWNTs, doping upshifts Pos(G + ) but does not influence FWHM(G + ) [128, 129] . In m-SWNTs, electron or hole doping causes Pos(G − ) blueshift and FWHM(G − ) decrease [128, 129] . Although a large number of excitation wavelengths are necessary for a complete characterization of SWNT samples [119, 131] , useful information can be derived even with few excitations, in particular when Raman compares the same SWNTs dispersed in different solvents and/or surfactants or the final dispersion with the starting material.
State of the Art in SWNT Separation/Enrichment
Currently available SWNT synthesis methods yield nanotubes with uncontrolled diameter, chirality, and, consequently, optical properties. Postproduction enrichment is the more reliable route towards the separation/enrichment of SWNTs. Greater understanding of the dispersion mechanism, especially in aqueous environments, is crucial for the separation of SWNTs. This is because, well-established techniques for the separation of biological molecules, for example, conventional and density gradient ultracentrifugation [132] , electrophoresis [133] , and variations of chromatography [134] are the prime candidates for successful SWNT sorting. Sorting of SWNTs in a liquid environment usually follows the strategy of "amplifying" their subtle differences in chemical reactivity by covalent and noncovalent functionalization [59, 60] .
Methods based on electrophoresis and its variants were the first to be demonstrated for the sorting of SWNTs. In conventional methods of electrophoresis, nanotubes are sorted with respect to their relative mobility in gel [36, 49] , capillary [30] , or free-solution electrophoresis [46] in response to a direct (dc) or alternating current (ac) field [30, 36, 46, 49] . Ion exchange (IEC), column (CC), and size exclusion (SEC) chromatography may be used to sort SWNTs by length, electronic type, or diameter. Separation by diameter or m-versus s-SWNTs by chromatography is possible through wrapping with single-strand deoxyribonucleic acid (ss-DNA) [29, 37, 40] . Centrifugal force can be used to separate mixtures based on their density. In the case of SWNTs sorting, centrifugation can be performed in a constant, step, or linear density gradient medium. Conventional ultracentrifugation is carried out in a constant density medium, sorting SWNTs according to their sedimentation coefficient, which strongly depends on their molecular weight and shape [135] . Like IEC, SWNT sorting by the conventional ultracentrifugation method suffers from convolution among their diameter and length [135] . On the other hand, nanotube sorting is achieved by exploiting the buoyant density difference of surfactant-encapsulated individual tubes [31] [32] [33] 35] . This results in a spatial separation inside an ultracentrifuge cell, overcoming the limitations of conventional ultracentrifugation in a constant density medium [35] . DGU allows also the separation of sand m-SWNTs [32] . The m-versus s-SWNTs separation is achieved in a co-surfactants mixture, resulting in different buoyant densities between the two species. Recently, [136] demonstrated that nanotube individualization and uniform coverage by surfactant molecules are key parameters in the separation mechanism.
SWNTs as Transparent Conductive Electrodes
The different debundling and sorting strategies, discussed above, together with film fabrication methods have been employed in the investigation of SWNTs as a coating agent to form TCs, which are a crucial component both in solar cells [2] and many other optoelectronic devices, such as flatpanel displays [137, 138] . The current choice of material for such applications is crystalline ITO, a doped n-type semiconductor, with transmittance (T) higher than 80%, coupled with sheet resistance (R s ) as low as 10 Ω/ on glass [57, [139] [140] [141] . ITO is the most expensive components of a DSSC [13] . However, other than the cost, there are other problems related to the use of ITO. Indeed, ITO requires deposition at high temperature, hindering the deposition on some substrates (e.g., polymeric substrates). Another disadvantage is related to the reduced conductivity of large area electrodes (∼10 cm 2 ). Moreover, the brittleness of ITO limits its use in applications where flexibility is required. Thus far, other metal oxides [142] , thin metal films [143] [144] [145] , metal grids [146] and carbonaceous materials such as graphene and carbon nanotube (CNT) have been investigated for ITO replacement. In particular, CNT networks and composites have several advantages with respect to commercially available TCs. Indeed, SWNTs have high T in the visible and infrared region coupled with high environmental stability and flexibility [147] . SWNTs are generally inert to bases, humidity, and high temperatures. Finally, SWNT films can be fabricated at low cost. Reference [147] reported a TC film of pure SWNTs. The SWNTs network, produced by vacuum filtration of a surfactant-assisted dispersion of SWNTs followed by a transfer printing process, showed R s of ∼30 Ω/ coupled with T > 70% in the visible region and >90% in the near IR. In [148] an acid treatment was introduced in order to remove the surfactant from the flexible film produced by vacuum filtration and deposited on PET. Reference [149] presented an acid treatment of the filtered films in order to improve conductivity via stable postdeposition functionalization. Reference [150] demonstrated that transport in SWNT networks is dominated by resistance at network junctions. In the same work it is also demonstrated that acid International Journal of Photoenergy 7 treatment reduces junction resistances whereas annealing significantly increases this resistance [150] . A different transfer technique, exploiting a polydimethysiloxane (PDMS) stamp, was introduced in [151] . The method combines a PDMS-based transfer-printing technique with vacuum filtration, and allows controlled deposition and patterning of highly conducting SWNT films [151] . Reference [152] also demonstrated the application of such patternable films in electrochromic devices. Many aspects related to SWNT films for transparent and plastic electronics, such as properties and fabrication technologies are reviewed in [153] . Reference [154] investigated R s as a function of nanotube network density showing 2D percolation behaviour. Spin coating and rod coating of the SWNT dispersions are used as alternatives to the vacuum filtration technique for the fabrication of TC films [155, 156] . A T of about 80% coupled with R s of 85 Ω/ was shown by a SWNT film spin coated on PET from an initial dispersion in dichloroethane (DCE) [155] . Recently, [156] reported the fabrication of SWNT films by draw-down rod coating of purified HiPco SWNTs dispersed in water at high concentration with the aid of surfactants [156] . The authors investigated the influence of surfactants on the rheological behaviour for coating and drying [156] . Doping by fuming sulfuric acid yielded the films with R s as low as 80 and 140 Ω/ coupled with T of 70% and 80%, respectively [156] . SWNT dispersions in aqueous solution or organic solvents were also investigated for the development of TC polymernanotube composites. The most promising route involves the use of conductive polymers as matrix [157] [158] [159] [160] . Reference [157] via a vacuum filtration of an aqueous dispersions of poly(3,4-ethylenedioxythiophene):poly(styrene sulfonate) (PEDOT:PSS) and SDS/SWNTs produced composites with R s of 80 Ω/ and T of 75% (at 550 nm). Functionalized SWNTs, dispersed either in water [158] or in organic solvents [159] , embedded in PEDOT:PSS matrix have also been investigated. Another conductive polymer investigated to date is P3HT. Composites produced by drop casting of a CNT-P3HT dispersion in chloroform are reported in [160] However, in the case of P3HT, high conductivity is limited by the oxidation of polymer itself, which requires a reduction treatment in hydrazine. Non conductive polymer matrix has been also employed in SWNT-PE (polyethylene) composites, produced by nanotube infiltration (R s of 50 kΩ/ with optical transparency of 80%) [161] . Layer-by-layer assembly of Polyvinyl-Alcohol (PVA) and SWNT/PSS composite [162] shows lower conductivities (10 2 -10 3 S/m at room temperature) compared to pure CNT films (10 4 -10 6 S/m), but higher than most of other PVA-SWNT or polymer-SWNT composites [163, 164] . Figure 6 summarizes the best results reported thus for SWNTs-based TCs. The performances of SWNTs-based TCs are compared with those of ITO and other materials. Although the performances of SWNTs-based TCs are slightly lower with respect to ITO or graphene produced by chemical vapour deposition (CVD) [165] , they compare favourably with graphene films produced by liquid phase exfoliation [166] . However, the use of sorted m-SWNTs at the TCs in DSSCs can boost the efficiency of SWNTs-based DSSCs. Indeed, [54] demonstrated an increase in conductivity of TCs Ref. [165] Ref. [145] Ref. [141] Ref. [155] Ref. [157] Ref. [156] Ref. [147] Ref. [148] Ref. [166] Figure 6: T versus R s spectrum for different TCs. Legend: dotted line: ITO; red rhombuses: CVD graphene; black star: vacuum filtration of liquid phase-exfoliated (LPE) graphene; black dot: silver nanowires; triangles: SWNT films.
by using predominantly enriched m-SWNTs. The films were produced by vacuum filtration of sorted SWNT by DGU and showed R s of 231 Ω/ with 75% T in the visible, compared to R s of 1340 Ω/ for the unsorted material [54] .
SWNTs as Counter-Electrodes in Dye Sensitized Solar Cells
The use of SWNTs at the counter electrode of DSSCs is attractive for several reasons. Regeneration of dye molecules is accomplished by capturing electrons from a liquid electrolyte (iodide/iodine solution), sandwiched on the counter electrode, which catalyses the reduction of tri-iodide [55] . Another important function of the counter electrode relies in the back transfer the electrons arriving from the external circuit to the redox system. The most important requirements for the counter electrode material are a high exchange current density and a low charge-transfer resistance [167] . Currently, DSSCs cathodes are made of Platinum (Pt) layers deposited on transparent glass which are, in turn, coated by a TC such as ITO [1] . Glass is brittle and has shape limitations while Pt is a rare and expensive material. Furthermore Pt tends to degrade over time when in contact with an iodide/iodine liquid electrolyte, reducing the overall efficiency of DSSCs [168] . During the last years strong efforts have been directed towards the replacement of such elements with low-cost and more versatile materials. Carbonaceous materials feature good catalytic properties, electronic conductivity, corrosion resistance towards iodine, high reactivity, abundance, and low cost [169] . In 1996 [170] demonstrated the importance of the high surface area introducing carbon black powder in graphite counter electrodes to enhance its catalytic activity. Since then, [4] [5] [6] [7] [8] [9] . In particular, SWNTs combine advantages such as high electrical conductivity, chemical stability, and high surface area with good electrochemistry and catalytic properties making them suitable for applications in many energy conversion technologies such as counter electrode in DSSCs [171] . Moreover, SWNTs are efficient to catalyze the tri-iodide reduction and, thus, are good candidates to replace Platinum in DSSCs.
For example, SWNTs have a higher surface area with respect to multi wall CNTs (MWCNT) that have been investigated as counter electrode in DSSCs, achieving higher efficiency and longer stability with respect to Pt-sputtered counter electrode [168] .
Reference [9] demonstrated that ozone-treated SWNTs films increases their catalytic activity due to the introduction of defects. In this view functionalized SWNTs could also be another option for application in counter electrodes. Metal sheets or foils are flexible substrates with excellent electrical and thermal conductivities [172] . Recently, [13] demonstrated the preparation of DSSC based on a novel stainless steel cathode coated with commercial low-cost nonpurified SWNTs. The authors achieved an overall solar energy conversion efficiency of 3.92%, which was higher than that obtained with Pt-transparent/FTO counter electrodes [13] .
Enrichment of smaller diameter m-SWNTs may be useful for the improvement of the performance of the counter electrode in DSSCs. Indeed, considering that the chemical reactivity of a material is strongly related to the surface areato-volume ratio, very small diameter SWNTs react faster than very large diameter SWNTs or MWNTs. Moreover, the use of high conductive m-SWNTs would improve the rate transfer of the electrons arriving from the external circuit to the redox system. A sorting strategy that involves a length separation followed by a diameter sorting of m-enriched SWNTs would produce long and small diameter m-SWNTs that are the ideal material for the fabrication of the counter electrode. Indeed, the use of long tubes should reduce the intertube connections increasing the conductivity of the film. The optimization of conductivity and catalytic activity of SWNTs films makes them ideal material to replace simultaneously both platinum and TC in DSSCs opening the way for inexpensive roll-to-roll processing.
Incorporation of SWNTs in TiO 2 Electrode
Electron transfer from the adsorbed dyes to the TiO 2 electrode, the suppression of charge recombination between the injected electrons and the oxidized dye, together with an efficient hole transport to the counter electrode are investigated strategies to enhance the performance of DSSCs. In this context, considerable efforts have been made to improve the cell performance by modifying TiO 2 electrodes using CNTs [12, 173, 174] . Reference [174] fabricated a DSSC using TiO 2 -coated MWNTs, produced by Sol-Gel method, achieving an increase of 50% in conversion efficiency with respect to conventional DSSC, attributed to the increase in short circuit current density (J sc ). Recently, [12] reported the use of an SWNT network as scaffolds of dye-sensitized TiO 2 particles to promote charge transport in mesoscopic semiconductor films. The authors demonstrated that the SWNT network in the film has no noticeable influence on the charge injection process from the excited Ru(II) trisbipyridyl complex into TiO 2 particles [12] . However, SWNT network plays an important role in improving the charge separation, as the rate of back electron transfer between the oxidized sensitizer (Ru(III)) and the injected electrons becomes slower in the presence of the SWNTs scaffold [12] . DSSCs with SWNTs used as scaffold show an improvement in the photocurrent generation that is neutralized by a lower photovoltage [12] . Indeed, the apparent Fermi level of the TiO 2 and SWNT composite becomes more positive than that of pristine TiO 2 [12] . However, the efficiency of the DSSC employing the ITO/SWNT/TiO 2 /Ru(II) electrode (0.13%) was smaller than that with the ITO/TiO 2 /Ru(II) electrode (0.18%) [12] . This decrease was attributed to the reduction of the V oc by about 60 mV [12] . Recently, [175] incorporated graphene into TiO 2 nanostructure photoanode to form graphene bridges in DSSCs, demonstrating that graphene can enhance the charge transport rate, preventing the charge recombination and increasing the light collection efficiency. Moreover, the efficiency is improved as well [175] . The authors also pointed out that SWNTs suffer some disadvantages with respect to graphene, essentially related to the one-dimensional structure that hinders a good contact with the TiO 2 nanoparticles [175] . Moreover, the work function of SWNTs was calculated and experimentally measured to be higher than MWNTs [176] and graphene [175] . This hinders the electron transport to the photoanode. However, it has been shown that the work function is diameter dependent, increasing with reduction of diameter [176] . In order to increase the performance of the DSSCs, it is highly desirable to use large diameter m-SWNTs or sSWNTs with a suitable position of conduction band that would facilitate electron transport from mesoscopic TiO 2 particles to ITO electrode through the SWNTs.
Conclusions and Perspective
In this paper, we reviewed the state of the art concerning debundling and sorting of SWNTs, fundamental for many of nanotube-based applications. Further, some of the recent progresses on the application of SWNTs in DSSCs have been summarized. The use of enriched m-SWNTs generally improves the conductivity of transparent films compared with unsorted material. In the near future, the enrichment of metallic SWNTs with a defined diameter could permit the fabrication of transparent conductive coatings with tunable optical transmittance. The use of SWNTs as counter electrode opens up new industrial opportunities for large area, long-term stability, and low-cost DSSCs. In particular, a length separation followed by a diameter sorting of m-enriched SWNTs yields long and small diameter m-SWNTs. This is the ideal material for the fabrication of the counter electrode as long tubes should improve the conductivity of the cathode. At the same time small diameter tubes enhance the chemical reactivity. The excellent International Journal of Photoenergy 9 electron transfer behaviour and the one-dimensional nature of SWNTs render them useful for the suppression of charge recombination between the injected electrons and the oxidized dye. Thus, nanotubes sorting is the ideal route to improve the performance of nanotube-based DSSCs.
